Glutathione-dependent detoxification is a key pathway that allows plants to efficiently remove toxic compounds like heavy metals or electrophilic xenobiotics. Under persistent exposure to toxins plants need to respond to continuous demand with efficient synthesis of glutathione (GSH) and ideally fast and efficient removal of potentially toxic glutathione S-conjugates. With the aim of studying the respective degradation pathway in Physcomitrella patens we initially characterized fluorescence labeling of protonema cultures with GSH-specific xenobiotic monochlorobimane (MCB). Incubation of protonema with 200 mM MCB for 24 h resulted in a steady increase of total bimane label, which was not confined to glutathione S-bimane (GS-B), but predominantly present in g-glutamylcysteine S-bimane (g-EC-B) and cysteine S-bimane (Cys-B). Pulse-chase experiments identified g-EC-B and Cys-B as degradation products of GS-B, suggesting initial cleavage of the C-terminal glycine, followed by cleavage of the g-glutamyl bond. The amount of GS-B formed, increased linearly at 90 nmol GSH g fw À1 h À1 for 24 h and after $1.5 h already surpassed the amount of GSH present in control protonema. This demand-driven biosynthesis of GSH depends on sufficient supply of sulfate in the incubation medium.
Introduction
A dynamic pool of glutathione (GSH) participates in multiple metabolic processes in all plants, and is especially important for cellular redox control and detoxification of heavy metals and electrophilic xenobiotics. The function of GSH as the main cellular thiol redox buffer is based on its ability to change the redox state from reduced GSH to the oxidized form glutathione disulfide (GSSG) and vice versa. This makes GSH a key element in redox-based signaling events during exposure to environmental stress (Meyer and Hell 2005 , Mullineaux and Rausch 2005 , Rouhier et al. 2008 . Electrophilic xenobiotics and toxic side products of normal plant metabolism are often detoxified through covalent binding to GSH catalyzed by glutathione S-transferases (GSTs) (Edwards et al. 2000) . Cytosolic detoxification processes and vacuolar sequestration of the respective conjugates can be visualized by the use of monochlorobimane (MCB), which becomes fluorescent only after conjugation to GSH , Cairns et al. 2006 ). Long-term incubation of Arabidopsis suspension culture cells with MCB triggers demand-driven de novo synthesis of GSH, which is then used up immediately for conjugation (Meyer and Fricker 2002) .
Once inside the vacuole GSH conjugates usually undergo stepwise degradation starting with the removal of one of the two terminal amino acids, either the g-glutamyl or the glycine residue (Grzam et al. 2006) . In Arabidopsis, the initial and rate-limiting step is catalyzed by vacuolar g-glutamyl transpeptidase 4 (GGT4) (Grzam et al. 2007 , Ohkama-Ohtsu et al. 2007 ). On the other hand, in barley (Hordeum vulgare) leaf epidermal cells the degradation of GSH conjugates starts with removal of glycine by a carboxypeptidase (Wolf et al. 1996) . Recent evidence obtained from Arabidopsis suspension culture cells also indicates initial cleavage of glycine during degradation of GSH S-fenclorim (4,6-dichloro-2-phenylpyrimidine) conjugates, albeit by cytosolic enzymes (Brazier-Hicks et al. 2008) . The ability to cleave the carboxy-terminal glycine moiety in the cytosol has been reported for phytochelatin synthase (PCS1) (Blum et al. 2007 ). Various reports indicate that the degradation step may differ between plants and physiological situations.
This study reports a combined approach of in situ bimane labeling and HPLC quantification techniques for GSH in Physcomitrella patens in order to investigate the degradation of GSH S-conjugates. Detailed analysis of protonema cells exposed to MCB for several hours highlights fast demand-driven synthesis of GSH and a degradation pathway for GSH conjugates that is different from that in the model plant Arabidopsis.
Results
In situ labeling of Physcomitrella with MCB Incubation of protonema cells with 200 mM MCB resulted in immediate labeling in the cytosol and subsequent sequestration of the label in the vacuoles (Fig. 1) . Within 180 min of continuous exposure to MCB a significant increase in total vacuolar fluorescence was apparent, while the cytosol appeared negatively contrasted with very little MCB-dependent fluorescence. In order to quantify the amount of fluorescence and to test whether additional GSH remained unconjugated, labeled cells were extracted and extracts subjected to HPLC analysis of low molecular weight thiols. The amount of GS-B increased for about 6 h and reached a maximum concentration of about 120 nmol g fw
À1
. Afterwards, the amount of GS-B showed only minor fluctuations around a concentration of 100 nmol g fw
for the remaining 18 h of the entire time course (Fig. 2A) . The total GSH content in control samples (not exposed to MCB) was about 200 nmol g fw À1 ( Fig. 2A) . Direct comparison of the two values would thus indicate that only about 50% of the total amount of GSH in control samples had been labeled in situ with MCB ( Fig. 2A) .
The apparent difference between the in situ-labeled GSH and the amount of GSH present in control protonema cells may be explained by inaccessibility of a sub-pool of GSH or, alternatively, fast degradation of GS-B immediately after vacuolar sequestration. To investigate this possible degradation, the time-course data were also analyzed for other bimane-labeled low molecular weight thiols. Within 24 h of continuous incubation with MCB the content of g-glutamylcysteine S-bimane (g-EC-B) increased almost linearly from zero to 1905 ± 511 nmol g fw À1 and cysteine S-bimane (Cys-B) showed an increase from zero to 178 ± 49 nmol g fw À1 (Fig. 2B, C ). In contrast to the linear rate for the accumulation of g-EC-B the rate of Cys-B formation accelerated during the time course. Unlabeled control cells contained only 6 nmol g-EC g fw
and 45 nmol Cys g fw
. Cys-Gly-B was not detected at any time point. Consistent with the hypothesis, this result strongly suggests that GSH conjugates formed after MCB incubation were gradually degraded, first to g-EC-B and subsequently further to Cys-B.
To test whether incubation with MCB leads to labeling of the entire GSH pool, in situ-labeled samples were additionally labeled for remaining free low molecular weight thiols after extraction. These measurements clearly showed that the amount of GSH accessible for post-extraction derivatization decreased during the first 6 h of incubation with MCB (Fig. 2D) . This decrease occurred at a fast rate of 41 nmol g fw À1 h À1 during the first 90 min and a much slower rate thereafter. Nevertheless, despite the continuous demand for GSH during long-term incubation with MCB, a sub-pool of about 120 nmol GSH g fw À1 remained unlabeled (Fig. 2D) .
The amount of unlabeled g-EC increased during the incubation with MCB from 5 ± 1 nmol g fw À1 before addition of MCB to 170 ± 104 nmol g fw À1 after the 24 h incubation period (Fig. 2E) . In contrast to GSH and g-EC, the amount of unlabeled cysteine at the end of the 24 h incubation with MCB was about 48 ±16 nmol g fw À1 and thus very similar to the steady state amount of cysteine at the beginning (Fig. 2C, F) . The time course, however, revealed a transient increase in the amount of free cysteine immediately after the start of incubation with MCB with a maximum of 62 ± 10 nmol Cys g fw À1 reached after 90 min. Afterwards the cysteine content rapidly declined again to a steady state of about 50 nmol g fw À1 for the rest of the incubation period. GSH S-bimane is quickly degraded through cleavage of terminal glycine
The change in the signature of bimane-labeled low molecular weight thiols along the time course suggests fast degradation of GS-B. To confirm that GS-B is quickly metabolized through consecutive cleavage of the two terminal amino acids glycine and glutamate, a pulse-chase experiment was performed. For this purpose protonemata were first incubated with 200 mM MCB for 2.5 h and then for a further 24 h in MCB-free medium. Repeated sampling and HPLC analysis of bimane-labeled thiols clearly showed that after removal of free MCB the GS-B formed initially was quickly degraded to g-EC-B and further to Cys-B (Fig. 3A) . While 9 h after removal of MCB there was hardly any GS-B left, the sum of all bimanelabeled thiols [i.e. (Cys-B) + (g-EC-B) + (GS-B)] remained almost constant at about 290 nmol g fw À1 over the entire time course (Fig. 3A, B) . The only deviation from this constant level of bimane-conjugated thiols was observed at 24 h, where apparently some of the bimane tag used for detection was degraded, resulting in a loss of total fluorescence. A plot of the sum of the degradation products g-EC-B and Cys-B against the actual remaining GS-B concentration revealed a linear relationship, again emphasizing the rapid and direct degradation of GS-B to g-EC-B and then gradually further to Cys-B (Fig. 3B ).
De novo synthesis of GSH during in situ labeling with MCB
The continuous increase in total bimane-labeled thiols indicated both de novo biosynthesis of GSH and partial degradation of GS-B. Assuming that all labeled g-EC and Cys originated from GS-B degradation one can calculate the amount of originally labeled GSH as the sum of all different bimane-labeled thiols. This sum surpassed the steady state GSH content present in control cells already at about 1.5 h after start of the MCB incubation and kept increasing during the entire time course (Fig. 4) . The increase in total GSH labeling was almost linear over the entire time course of 24 h at a labeling rate of 90 nmol GSH g fw À1 h
.
Demand-driven GSH biosynthesis is dependent on supply of sulfate L-Buthionine-(S,R)-sulfoximine (BSO) is generally considered to be a potent and specific inhibitor of GSH1 (Griffith 1982) . In Physcomitrella, however, treatment of protonema with 1 mM BSO, a concentration routinely used for inhibition of GSH biosynthesis in higher plants (Kocsy et al. 2000 , Lindberg et al. 2007 ), did not significantly inhibit GSH biosynthesis. In preliminary experiments, even 5 mM BSO depleted the GSH pool only by about 50% within 3 d (data not shown). In a different approach, protonemata were therefore grown on different sulfate concentrations to test whether demand-driven GSH biosynthesis could be affected in this way. To ensure that sulfate for demand-driven GSH biosynthesis could not be Fig. 3 Glutathione S-bimane formed in situ is rapidly degraded to g-EC-bimane. (A) Physcomitrella protonema cultures were incubated with 200 mM MCB for 2.5 h and transferred to MCB-free medium afterwards (indicated by dashed line). Extracts from samples collected at different points during the time course were analyzed for bimane-labeled low molecular weight thiols by HPLC (squares, GSH; triangles, g-EC; circles, Cys). All values are means ± SD (n = 3).
(B) Linear relationship between the sum of degradation products (g-EC-B plus Cys-B) and the remaining GS-B content indicates that no or only very little degradation of the bimane tag occurs during the observation period. Only after 24 h was a significant deviation from linearity observed and thus this data point was not included in calculation of the linear trend line. supplied from endogenous stores, protonemata were first grown on low-sulfur medium with only 0.4 mM SO 2À 4 instead of 1 mM SO 2À 4 in full medium. After 10 d of sulfur starvation the endogenous sulfate pool was decreased to 0.6 ± 0.3 mmol g fw À1 compared with 7.5 ± 1.4 mmol g fw À1 (Fig. 5A ) in samples grown on full medium and the total GSH content declined from 327 ± 31 nmol g fw À1 to 118 ± 26 nmol g fw À1 (Fig. 5B) . The endogenous sulfate pool in sulfur-starved protonema was thus much lower than the amount of GSH synthesized in control protonema during the MCB incubation (Fig. 4) . This large difference indicates the need for sulfate uptake to sustain continuous demand-driven GSH synthesis. Comparison of total labeled thiols in protonema cells during a 24 h incubation with 200 mM MCB showed that diminution of sulfate supply from 1 mM (full medium) to 0.4 mM (low sulfur) reduced the demand-driven GSH biosynthesis from 88 nmol g fw À1 h À1 in control samples to 60 nmol g fw À1 h À1 in protonemata grown on low sulfate (Fig. 6 ).
Discussion
In situ labeling of GSH in Physcomitrella
In situ labeling of cells with MCB can be used to track the GSH-dependent detoxification pathway (Coleman et al. 1997 , Schröder et al. 2007 ). At near-neutral pH conditions in the cytosol MCB is only efficiently conjugated when the reaction is catalyzed by GSTs. As long as suitable GSTs are present and MCB is not used at very high concentrations, MCB exhibits a strong preference for GSH compared with other low molecular weight thiols and protein thiols ). This preference for GSH over cysteine was clearly shown for GSH-deficient gsh1 null mutants (Cairns et al. 2006) and the ability of Arabidopsis cells to respond to GSH depletion with increased demand-driven biosynthesis of GSH for several hours (Meyer and Fricker 2002) . It has been reported that the g-glutamyl residue is critical for binding of GSH to GSTs (Adang et al. 1990 ) and thus g-EC might also be a suitable substrate. Indeed g-EC has been shown earlier to be accepted by GSTs to some extent (Sugimoto et al. 1985) . However, even in huge excess of g-EC in Arabidopsis gsh2 mutants deficient in GSH synthase, 100 mM MCB labels only a fraction of the g-EC pool (Pasternak et al. 2008 ) supporting the notion of strong preference of the reaction for GSH. After appropriate calibration, in situ labeling of GSH with MCB can also be used to measure the cytosolic concentration of GSH in specific cell types , Gutierrez-Alcala et al. 2000 , Hartmann et al. 2003 . Labeling with MCB rapidly depleted the cytosolic GSH pool, leading to an increased demand for de novo GSH biosynthesis similar to the situation in Arabidopsis suspension culture cells (Meyer and Fricker 2002) . The ability of Physcomitrella cells to withstand long-term incubation with 200 mM MCB and still respond efficiently with de novo synthesis of GSH emphasizes that the labeling reaction in Physcomitrella has a strong preference for GSH. Inhibitory effects from artificial labeling of other low molecular weight thiols or protein thiols were not observed. The apparent specificity for GSH indicates sufficient cytosolic GST activity for MCB conjugation to GSH in Physcomitrella. The fact that the total amount of GS-B formed showed a linear increase throughout the entire time course of 24 h incubation with MCB suggests that Physcomitrella cells respond immediately to GSH depletion. With 200 mM MCB the rate of de novo GSH biosynthesis was about 90 nmol g fw À1 h
À1
and thus only <20% of the rate reported for Arabidopsis suspension culture cells incubated with 100 mM MCB (Meyer and Fricker 2002) . It cannot be excluded though that in Physcomitrella the rate of GS-B formation may at least partially be limited by the amount of MCB taken up into the cells. Nevertheless, the fact that the pool of non-labeled GSH remained stable between 6 and 24 h of the MCB incubation period indicates that the rate of GS-B formation indeed reflects the actual de novo synthesis of GSH. The effective concentration of MCB present in the cytosol is very likely significantly lower than the nominal concentration of MCB in the surrounding medium. In Physcomitrella protonema incubated with 200 mM MCB de novo GSH synthesis was still possible with a linear rate for at least 24 h. This, however, may indicate that uptake of MCB into Physcomitrella protonema is more restricted than in Arabidopsis suspension culture cells where maximal synthesis rates for GS-B formation were already achieved with 50 mM MCB (Meyer and Fricker 2002) and MCB concentrations >100 mM caused non-specific protein labeling with an associated inhibition of metabolic processes . Severely restricted labeling with MCB may be caused by restricted diffusion of MCB through the plasma membrane, or, alternatively, through immediate active excretion of MCB by ABC transporters in the plasma membrane as has been observed in other systems (Bellamy 1996 , Ambudkar et al. 1999 . Although the experiments presented here were not designed to distinguish between these two alternatives, the latter hypothesis of restricted access of amphipathic xenobiotics to the cytosol is supported by the failure of BSO to inhibit GSH biosynthesis in Physcomitrella. Similarly, GSH biosynthesis in the aquatic moss Fontinalis antipyretica, a commonly used bioindicator for heavy metals, is insensitive to BSO (Bruns et al. 2001) . The rate of GSH biosynthesis was only diminished when protonemata were grown on low-sulfur medium. If the diffusion of MCB into the cells was limiting in control samples, the rate of GS-B formation in protonemata grown on low-sulfur medium was undoubtedly limited by the biosynthesis of GSH, which in turn was dependent on the availability of an appropriate sulfur source. The fact that the observed net synthesis of GSH after MCB incubation of protonemata grown on low sulfate substantially exceeded the remaining 0.6 ± 0.3 mmol g fw À1 stored sulfate indicates that the synthesis rate in this case was indeed limited by the uptake of sulfate. Up to now, seven sulfate transporters have been described for P. patens, belonging to groups 1, 4 and 5 (Kopriva et al. 2007 ). Up-regulation of high-affinity sulfate transporters under sulfur-starving conditions has been reported for various species including A. thaliana, Stylosanthes hamata, H. vulgare and Zea mays (Saito 2000) . However, the expression of sulfate transporters under sulfur-starving conditions was not analyzed in more detail because sulfate assimilation was not the primary focus of this work and was only exploited to modulate the maximum rate of de novo GSH biosynthesis.
Another possible bottleneck for demand-driven GSH biosynthesis could be the availability of glycine. In all cases, a gradual increase in free g-EC was observed throughout the time course for incubation of protonemata with MCB. The importance of photorespiratory glycine for GSH biosynthesis has been shown for poplar leaves overexpressing glutamate-cysteine ligase (GSH1, Noctor et al. 1997) . It remains unclear though where this increasing amount of free g-EC is located and it can also not be excluded that it results from cleavage of the bimane tag from g-EC-B in the vacuole (see below).
Interestingly, the MCB labeling of Physcomitrella cells never depleted the entire GSH pools as reported for Arabidopsis . The unlabeled GSH pool was only found after additional post-extraction labeling and HPLC analysis. A pool of GSH inaccessible to MCB has also been reported for poplar leaves and it has been suggested that this GSH resides in the chloroplasts (Hartmann et al. 2003) . On the other hand, it was recently shown that the chloroplast envelope in Arabidopsis contains a distinct family of transporters allowing export of GSH from the plastids (Maughan et al. 2010) . Physcomitrella contains a highly homologous gene (Maughan et al. 2010) and if this gene codes for a similar function one might expect the chloroplastic GSH pool to directly follow the depletion of the cytosolic pool during MCB incubation. HPLC analysis of tissue extracts is not suitable to provide more detailed information on the intracellular localization of inaccessible GSH. Subcellular resolution of the compartmentation of the GSH pool can only be achieved with genetically encoded and targetable redox-sensitive green fluorescent protein (roGFP) probes , Schwarzländer et al. 2008 , Meyer and Dick 2010 . These probes will be used in future work to further resolve the subcellular compartmentation of the GSH pool in Physcomitrella.
In Physcomitrella degradation of GS-B occurs via formation of c-EC-B
For higher plants various pathways for degradation of GSH conjugates have been described, which are initiated by cleavage of either the terminal glycine or glutamate (Fig. 7) . Biochemical and molecular data indicate that in Arabidopsis and radish the rate-limiting step is cleavage of the glutamate residue by vacuolar g-glutamyl transpeptidases (Nakano et al. 2006 , Grzam et al. 2007 , Ohkama-Ohtsu et al. 2007 ). BLAST searches with the Arabidopsis GGT4 sequence (NM_202907.2), however, gave results only by using discontiguous MegaBLAST. In this case a Physcomitrella mRNA can be found (XM_001772716.1). Yet, the query coverage is only 8% with a maximal identity of 70%. The respective predicted protein (XP_001772768.1) is annotated as a putative GGT, but the catalytic activity remains elusive at this stage. In barley, vacuolar degradation is initiated by cleavage of the glycine residue (Wolf et al. 1996) .
Initial cleavage of glycine from GSH conjugates has also been reported for Arabidopsis, albeit by cytosolic enzymes (Blum et al. 2007 , Brazier-Hicks et al. 2008 ). Fast and highly efficient vacuolar sequestration of GS-B (Fig. 1) supports the hypothesis that degradation of GSH S-conjugates in Physcomitrella occurs mainly in the vacuole. The rapid accumulation of g-EC-B and subsequent gradual accumulation of Cys-B reported in this paper clearly shows that Physcomitrella uses a vacuolar pathway for degradation of GS-B, which is initiated by a carboxypeptidase removing the glycine moiety. Cytosolic cleavage of GSH conjugates by PCS1 (Blum et al. 2007 ) can be excluded in this case, because Physcomitrella, like other mosses, does not synthesize phytochelatins and lacks this enzyme (Bruns et al. 2001 , Kopriva et al. 2007 . Instead highly efficient removal of the glycine residue constitutes the first step of conjugate degradation, similar to the situation in H. vulgare (Fig. 7 ). An alternative model to explain accumulation of g-EC-B would be direct and almost quantitative conjugation of g-EC-B immediately after synthesis. Depletion of GSH causes a release of feedback inhibition of glutamate-cysteine ligase enabling the enzyme to cope with the increased demand. This response obviously leads to an increased amount of g-EC being produced which then could potentially serve as a substrate for GSTdependent conjugation with MCB. In this case GSH2 and GSTs would compete for the substrate g-EC. Given that the K m of GSH2 for g-EC is in the low micromolar range (Jez and Cahoon 2004) and at least two orders of magnitude lower than the K m of GSTs for the unnatural substrate g-EC (Sugimoto et al. 1985) this possibility is highly unlikely.
The exact nature of the enzyme catalyzing efficient removal of the glycine moiety from GS-B in the vacuole, however, remains unknown. The fact that g-EC-B in pulse-chase experiments could not be efficiently converted to Cys-B indicates that cleavage of the highly protease resistant g-glutamyl peptide bond is rather inefficient. Only under continuous exposure to MCB and concomitant accumulation of large amounts of g-EC-B in the vacuole does the formation of Cys-B accelerate gradually. This observation suggests that the respective enzyme catalyzing the cleavage of the g-glutamyl bond in Physcomitrella has a rather low affinity for the substrate g-EC-B. Irrespective of the exact pathway exploited for gradual degradation of GSH conjugates, the resultant cysteine conjugates generally appear to have a longer half-life than the GSH conjugates , Grzam et al. 2007 ).
In conclusion the present examination of in situ labeling of GSH with MCB in Physcomitrella shows the applicability and the potential of this method for bryophytes. Furthermore, the degradation studies on GSH S-bimane conjugates presented here may suggest a vacuolar degradation pathway initiated by the cleavage of glycine and subsequent cleavage of glutamate. The analysis of labeling patterns after incubation with MCB together with the ability to exploit homologous recombination in Physcomitrella may enable identification of the enzymes involved in degradation of GSH S-conjugates in a candidate gene approach.
Material and Methods

Plant material and growth conditions
Sterile stock cultures of P. patens (Hedw.) In situ labeling of GSH Flasks (100 ml) containing 40 ml of ABC medium were inoculated with biomass of P. patens from three 75 ml cultures. MCB in DMSO was added to the medium to a final concentration of 200 mM. Both MCB-labeled and control cultures, were maintained in the dark at 25 C and 111 rpm for 24 h. All samples were washed with ABC medium to remove free MCB. Adherent ABC medium was removed with adsorbent tissue. The moss material was then frozen in liquid nitrogen. Samples were Fig. 7 Comparative model for degradation of GSH S-conjugates in Physcomitrella and higher plants through different pathways. Degradation of GSH S-conjugates is initiated by the cleavage of terminal amino acids from the GSH backbone. Respective pathways occur in the cytosol and the vacuole and can be studied with MCB as a model xenobiotic. In higher plants, different species-specific modes of degradation initiated at either terminal glycine or glutamate moieties have been reported for the predominant vacuolar degradation. Degradation of GSH S-conjugates in Physcomitrella starts with the highly efficient removal of glycine, similar to the situation in H. vulgare.
stored at À80
C until extraction and HPLC analysis. For GS-B degradation experiments cultures were inoculated with 200 mM MCB for 2.5 h. After removal of MCB, the culture was further cultivated in fresh MCB-free ABC medium for 24 h in the dark.
Confocal microscopy
Protonema cultures (40 ml) were labeled with 200 mM MCB as described above. At different times a few protonema filaments were harvested from the cultures, washed in MCB-free medium and transferred to a drop of 50 mM propidium iodide solution on a slide. Cells were imaged with excitation at 405 nm and 543 nm as described by Cairns et al. (2006) .
HPLC analysis of low molecular weight thiols
Fresh protonema material was extracted with 1 ml of 0.1 N HCl per 50 mg biomass (ground in liquid nitrogen). After centrifugation (12,000 rpm, 4 C) supernatant was directly injected into HPLC in order to analyze in situ-generated S-bimane conjugates. Furthermore, supernatants of in situ-labeled and control cultures were labeled with monobromobimane. Therefore 120 ml of supernatant was incubated with 180 ml of 0.2 M 2-(cyclohexyl-amino) ethanesulfonate buffer (pH 9.3) and 30 ml of 5 mM dithiothreitol (DTT) for 1 h on ice. Thiols were then labeled by addition of 10 ml of monobromobimane (30 mM in methanol). After a 15 min incubation at room temperature in the dark the reaction was stopped by adding 250 ml of 5% acetic acid.
Samples were separated by HPLC after centrifugation as described earlier (Rother et al. 2006) . Low molecular weight thiols were detected at 480 nm after excitation at 380 nm and quantified by standards labeled with monobromobimane as described above.
Determination of intracellular sulfate
Protonema (50 mg) was ground in liquid nitrogen and extracted with 200 ml of double distilled water for 10 min at 90 C. After centrifugation for 10 min at 23,000 Â g the supernatant was diluted 1:5 and analyzed by capillary electrophoresis (HP 3D system; Agilent, Waldbronn, Germany) equipped with a fused-silica capillary (Agilent FS undeactivated, ID 50 mm, effective length 24.5 cm; Agilent, Waldbronn, Germany). The temperature of the capillary was set to 20 C. Samples were injected by applying 40 mbar pressure for 5 s and separated by a voltage of 18 kV (negative polarity). Sulfate was detected by a diode-array detector. Indirect UV detection was performed by setting the reference wavelength at 235 nm and the signal wavelength at 350 nm. Prior to each run the capillary was rinsed with 0.1 N NaOH (5 min), 10 mM H 3 PO 4 (5 min), double distilled water (2 min) and the running buffer (3 min). The running buffer consisted of 2.25 mM pyromellitic acid, 6.5 mM NaOH, 0.75 mM hexamethonium hydroxide and 1.6 mM triethanolamine (pH 11.4). Each separation took 6 min. The detected signals were quantified against a series of standards with 0.015-1 mM Na 2 SO 4 .
